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SYNOPSIS 

The polymerization of N-vinyl formamide followed by hydrolysis yields a linear, water- 
soluble poly(viny1 amine). The high concentration of pendant primary amine groups leads 
to a polymer with an interesting set of properties. Complexation with water-soluble anionic 
polyelectrolytes in water solutions leads to a highly water-insoluble material. The study 
described herein investigated the phase behavior/properties of melt blends of poly(viny1 
amine) with ethylene-acrylic acid (EAA) copolymers of less than 10 wt % acrylic acid. The 
calorimetric and dynamic mechanical analyses of the resultant blends show that the vinyl 
amine groups are accessible to the acrylic acid groups of the copolymers and the major 
property changes occur up to the stoichiometric addition of vinyl amine/acrylic acid. At 
higher levels of vinyl amine (vinyl amine/acrylic acid mol ratio > 4), additional poly(viny1 
amine) forms a separate phase. The mechanical, dynamic mechanical, and calorimetric 
properties of these blends below the stoichiometric ratio show analogous trends as with 
typical alkali/alkaline metal neutralization. These characteristics relative to the base EAA 
include improved transparency, lower melting and crystallization temperature, lower level 
of crystallinity, and increased modulus and strength. The emergence of the p transition in 
dynamic mechanical testing is pronounced with these blends (as with alkali/alkaline metal 
neutralization), indicative of microphase separation of the amorphous phase into ionic- 
rich and ionic-depleted regions. A rubbery modulus plateau for the blends exists above the 
polyethylene melting point, demonstrating ionic crosslinking. Above 150'C exposure, further 
modulus increases occur presumably due to amide formation. This study demonstrates that 
the highly polar poly(viny1 amine) can interact with acrylic acid units in an EAA copolymer 
comprised predominately of polyethylene (>90 wt %). The thermodynamic driving force 
favoring ionic association overrides the highly unfavorable difference in composition. 0 
1996 John Wiley & Sons, Inc. 

INTRODUCTION 

A class of polymers termed ionomers generally refers 
to the combination of a polymer backbone of low 
polarity in which ionic groups are dispersed. The 
ionic groups can aggregate into ionic domains and 
yield unique properties significantly different from 
the unmodified polymer backbone. Commercial ion- 
omers include the ethylene-(meth)acrylic acid ion- 
omers which are partially neutralized with Na+ or 
Zn2+ cations. The partial neutralization of ethylene- 

(meth)acrylic acid copolymers leads to improved 
transparency, higher modulus and strength, and in- 
creased viscosity above the polyethylene melting 
point. 

Microphase separation of ionomers into phases 
of low and high dielectric constants has been 
studied experimentally and theoretically. The ini- 
tial theoretical treatment of clustering of ions in 
polymers was presented by Eisenberg' and remains 
a prominent reference on this subject. I t  was 
shown that ions in polymers (of low dielectric 
constant) exist as pairs or higher multiplets (up 
to eight pairs). The ion multiplets can cluster into 
larger ionic regions. Additional theories of aggre- 
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gation in ionomers were reviewed by Mauritz.' 
Various descriptive models have been proposed 
based often on the experimental analysis of X-ray 
scattering data.3-5 

The X-ray scattering data (both small angle and 
wide angle) on several different polymer systems in- 
dicated ionic domains of - 20 nm.5'6 Otocka and 
c o - w o r k e r ~ , ~ ~ ~  however, proposed that a uniform dis- 
tribution of ionic groups existed in the amorphous 
phase based on their interpretation of NMR and 
dynamic mechanical data. A comprehensive review 
on the proposed models for ionic aggregation in ion- 
omers has been well covered by MacKnight and 
E a r n e ~ t . ~  

The dynamic mechanical properties of the eth- 
ylene-(meth)acrylic acid copolymers were studied 
as a function of neutralization in various reports. 
Longworth and Vaughan3 noted the emergence of a 
transition in the range of the p transition (-20°C) 
typical for branched polyethylene. MacKnight et 
a1.I' also noted an  emergence of a p transition with 
neutralization of similar ethylene/methacrylic acid 
copolymers. An increase in the magnitude and po- 
sition of the a relaxation for ethylene/methacrylic 
acid copolymers was also observed with increasing 
ionization. The a transition is generally ascribed to 
the Tg of the copolymer. These data indicate that 
ionization leads to  domain structure (polar ion-rich 
regions, nonpolar ethylene-rich regions) yielding 
phase separation. The properties resemble similar- 
ities to phase-separated block copolymers. Another 
important variable involves the reduction in crys- 
tallinity with increasing ionization. As the structure 
in the melt persists, the rearrangement of polyeth- 
ylene chains to  crystallize to their full extent is re- 
stricted. With a decrease in crystallinity (and 
spherulite size) and with domain structure size 
smaller than the wavelength of light improved 
transparency results. Similar property changes were 
noted by Bonotto and Bonner" with the ionization 
of ethylene-acrylic acid (EAA) copolymers with 
monovalent ions (Na+, K+, Li') and divalent ions 
(Ca'+ and Mg2+); a domain structure was also pro- 
posed. 

I t  has been recognized that  NH: can also be 
employed a s  a monovalent ion for the neutral- 
ization of ionomers." Polymeric amines, how- 
ever, have not been studied to  any significant 
degree. With the emergence of synthetic meth- 
ods to  produce poly(viny1 amine) (PVAm) from 
poly(N-vinyl f ~ r m a m i d e ) , ' ~ , ~ *  a study was under- 
taken to  investigate PVAm's a s  well as  vinyl al- 
cohol/vinyl amine copolymers in blends with 

AA-containing polymers-specifically, EAA co- 
polymers. 

Ionomer blends were studied by Eisenberg and 
c o - ~ o r k e r s ~ ~ - ~ ~  involving systems such as sulfonated 
polyisoprene and blends with styrene/4-vinylpyri- 
dine copolymers. The potential of ionic bond for- 
mation expectedly leads to improved mechanical 
compatibility a t  lower levels of ionic groups and 
miscibility a t  higher levels. The aggregation of ionic 
groups in these polymers in which the counterion is 
attached to another polymer chain will be quite dif- 
ferent than the case of alkali and alkaline metal cat- 
ions. With anionic polymers such as poly(acry1ic 
acid), PVAm forms a very strong polyelectrolyte 
complex which is only soluble a t  high or low pH. 
Polyethyleneimine also develops strong polyelec- 
trolyte complexes, and upon heating, amide for- 
mation can result." Many examples of strong poly- 
electrolyte complexes based on mixtures of anionic 
and cationic polymers have been noted in the lit- 
erature.lg Limited examples exist of highly cationic 
or anionic polymer mixtures with copolymers con- 
taining a low amount of the counterfunctionality 
such as the study discussed herein. 

Thus, the particular system investigated in this 
study is somewhat unique compared to other io- 
nomer blends. PVAm offers a very high concentra- 
tion of primary amine groups which can neutralize 
carboxylic acid groups, if accessible. It will be of in- 
terest to determine if the EAA copolymers a t  high 
ethylene content will allow for accessibility of the 
highly polar PVAm. 

EXPERIMENT A1 

The blends chosen for this investigation involved 
EAA copolymers of 6.5 and 9.0 wt % AA, respec- 
tively, Primacor 1320 and 1430 (Dow Chemical Co.) . 
These EAA copolymers are designated as EAA 
(6.5% AA) and EAA (9% AA) in the following dis- 
cussions. The PVAm and PVOH/VAm copolymers 
employed in blends with the noted EAA copolymers 
in this study are listed in Table I with the pertinent 
molecular weight and composition data. The PVAm 
was prepared via the polymerization of N-vinyl 
formamide followed by base hydrolysis. Two PVAm 
samples were employed in this study ( PVAm-1 and 
PVAm-2 ) . Both had similar M,, values for the pre- 
cursor poly (N-vinyl formamide) and were fully hy- 
drolyzed (>99% ) . The sodium formate, a reaction 
byproduct, was removed via dialysis. PVOH/VAm 
copolymers were prepared via vinyl acetate / N-vinyl 
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Table I Pertinent Data for PVAm and PVOH/VAm Samples Employed in Blends 

PVAm-1 

PVAm-2 

Precursor PNVF 
> 99% hydrolyzed by NMR (mol %) 

Precursor PNVF 
> 99% hydrolyzed by NMR (mol %) 

M ,  = 72,300 
M ,  = 21,700 

Mu = 42,300 
M,  = 21,200 

PVOH/VAm (5 mol % VAm) Composition by NMR (mol ratio) (VOH/VAm/N-vinyl M ,  = 98,900 
formamide) = 94/5/1 M ,  = 61,400 

M ,  = 106,000 
formamide) = 89/10/1 M ,  = 67,800 

PVOH/VAm (10 mol % VAm) Composition of NMR (mol ratio) (VOH/VAm/N-vinyl 

formamide copolymerization followed by base hy- 
drolysis of both vinyl acetate and N-vinyl formamide 
monomer units. The two PVOH copolymers em- 
ployed in this study contained approximately 5 and 
10 mol % VAm and will be noted as PVOH/VAm 
(5 mol % VAm) and PVOH/VAm ( 10 mol % VAm) . 
The generalized synthesis procedure for PVAm and 
PVOH/VAm is shown below: 

Polv(vinv1 amin@ 

CH:,=CH SOlUtiOn +CHz C H j  base ~ f C H z - C H  j 
I polymerization I hydrolysis 
N-H in water N-H NH2 

I 
H-C = 0 ,c = o  

H 

N-vinyl lormamide Poly(N-vinyl formamide) Poly(vmyl amine) 

Polvfvinvl alcohollvinvl amin@ 

f C H z - C H G  f C H 2 - C H  j base polymerization 
I Y hydrolysis 
N-H 

CH,=CH + C H z = C H  

0 0 
i In 
N-H merhanoi 

Poly(vinyl alcohollvinyl amine) PVOHNAm 

Blends of the EAA copolymers with PVAm and 
PVOH/VAm copolymers were prepared in a Bra- 
bender melt mixer at temperatures slightly above 
the melting point of the EAA copolymers ( >lOO"C) . 
To facilitate the mixing, PVAm and PVOH/VAm 
were added with water incorporation (0-30% water 
for PVAm and 30-50% water for PVOH/VAm). 
PVAm exhibits a Tg of 42°C (dry) and is amorphous; 
thus, water addition is not necessary. PVOH/VAm 
exhibits a Tg of 84°C (5% VAm) and 99°C (10% 
VAm) but has residual PVOH crystallinity; thus, 
water incorporation was necessary. Water devola- 
tilization occurred during mixing. The resultant 
mixtures were compression molded at 120-140°C 
for test specimens for dynamic mechanical, me- 

chanical property, and calorimetry measurements. 
The compression molding temperature and time 
were minimized to keep amide formation low. 

The dynamic mechanical testing was conducted 
on specimens (dry and saturated with water) utiliz- 
ing a Rheometrics RSA-I1 in the tensile mode (6.28 
rad/s).  Sample thicknesses ranged from 20 to 35 
mil. The mechanical properties (stress-strain) were 
determined on die-cut tensile specimens employing 
an Instron testing apparatus (Model 1101 ) . Calo- 
rimetry measurements were conducted utilizing a 
Perkin-Elmer DSC-7 differential scanning calorim- 
eter. 

RESULTS AND DISCUSSION 

The blends involving PVAm ( PVAm-1 ) and Pri- 
macor 1320 EAA (6.5% AA) subjected to dynamic 
mechanical testing yield results illustrated in Figures 
1 and 2. The mechanical loss data (tan 6 )  (Fig. 1 ) 
show a broad transition with a peak at 40°C attrib- 
uted to the glass transition of EAA (6.5% AA). A 
shoulder in this transition (-10°C) is believed to 
be the p transition typical of branched low-density 
polyethylene.'' The y transition (-130°C) is typical 
for ethylene-based polymers comprising - CH, - 
units of n 2 4 attributed to a crankshaft rotation 
transition. With the addition of 10 wt % PVAm, the 
Tg increases (to 65°C) and the @ transition emerges 
as a significant transition. With 20 wt % PVAm, 
the Tg and p transition remain; however, a transition 
emerges at 20°C believed to be phase-separated 
PVAm which emerges as a much larger peak for the 
50/50 blend. As the Tg of PVAm (dry) is 42"C, it 
appears that residual water from the mixing pro- 
cedure was not adequately removed. This was cor- 
rected in the next series of experiments where water 
was not added to facilitate the mixing. The tensile 
modulus-temperature data reflects the transition 
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Figure 1 Mechanical loss-temperature data  for EAA 
(6.5 wt % AA) copolymer blends with PVAm (PVAm-1). 

changes occurring in EAA (6.5% AA) with PVAm 
addition. I t  is of interest to  note that a rubbery mod- 
ulus plateau occurs above the polyethylene melting 
point, indicative of ionic crosslinking as would be 
expected if PVAm is accessible to  the AA units 
of EAA. 

The dynamic mechanical properties of PVAm 
(dry) and with 14% water sorption are illustrated 
in Figure 3 for reference purposes. PVAm is amor- 
phous, with a Tg of 42°C. The water sorption (con- 
ducted a t  low relative humidity) was determined 
from a TGA weight loss experiment. The Fox 
equation 21 relating Tg of plasticized mixtures, 

w o  wb +-  - = -  
T g  Tg, T&?b 

E' 
TENSILE 

MODULUS * 
cm2 

EAAIPVAm 
E A A I P V h  

EAAIPVAm 

3 

-140 -100 -MI -20 20 60 I00 140 180 220 

TIT1 

Figure 2 Tensile modulus-temperature data for EAA 
(6.5 wt % AA) copolymer blends with PVAm (PVAm-1). 

t a n 6  

WLYWINYL AMINE) 

150 -100 -50 0 50 100 lo' 

T?C) 

Figure 3 
(PVAm-2) (dry and with 14 wt % water). 

Dynamic mechanical properties for PVAm 

can be employed to predict the T, of a 14 wt % H 2 0  
plasticized PVAm. The Tg of amorphous water has 
been previously determined" to  be -136°C. The 
predicted value of -6°C agrees with the experimen- 
tal value of -3°C. The next series of experiments 
involved EAA (9% AA). The PVAm employed in 
these blends was PVAm-2. The mechanical loss (tan 
6 )  vs. temperature results are shown in Figures 4 
and 6 for various EAA (9% AA)/PVAm combina- 
tions. EAA (9% AA) does not exhibit a shoulder in 
the range of the /3 transition. The addition of PVAm 
(5 ,  10, and 20 wt % ) yields a clearly resolvable 0 
transition and a significant increase in Tg. At 40 
and 60 wt % PVAm, the transition for PVAm ap- 

EAA - 1430 
EAAIPVAm 9515 - - - - 
E A A I  PVAm 90110 - . - ' - 
EAA/PVAm/80/20  .. ' ." ' ' '  ,. 

i n  

0011 I I I I I I I 
-150 -100 -50 0 50 100 150 ZOO 

TYC) 

Figure 4 
(9 wt % AA) copolymer blends with PVAm (PVAm-2). 

Mechanical loss-temperature data for EAA 
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Figure 5 
(9 wt % AA) copolymer blends with PVAm (PVAm-2). 

Tensile modulus-temperature data for EAA 

pears, indicating phase separation presumably due 
to full neutralization of the acrylic acid units leaving 
residual PVAm. The tensile modulus-temperature 
data (Figs. 5 and 6)  show the modulus-plateau above 
melting point of polyethylene with the highest pla- 
teau a t  5 and 10 wt % PVAm, indicative of ionic 
crosslinking. An increase in modulus above 150°C 
is presumably due to  amide formation. 

The blends of EAA (9% AA) with 10 and 20 wt 
% PVOH/PVAm (10 mol % VAm) exhibited ho- 
mogeneous blends with transparency improved over 
the control EAA (9% AA) . The mechanical loss data 
(Fig. 7 )  show an increase in the Tg of EAA (9% AA ) 
with a hint of a shoulder in the range of the /3 tran- 
sition a t  20 wt % PVOH/VAm addition. 

The mechanical properties for the EAA (9% AA) 
blends with PVOH/VAm and PVAm are listed in 
Table 11. A significant increase in tensile modulus 
occurs with the addition of PVAm even a t  very low 
levels. Increased tensile strength and lower elon- 
gation at  break also result with PVAm addition. The 
resultant blends exhibit “leather”-like properties 
similar to conventional ethylene- ( meth) acrylic acid 
ion~mers . ’~  Similar results are observed with the 
addition of PVOH/VAm to EAA. It is of interest 
to note that  EAA (9% AA) with 20 wt % PVOH 
yields poorer properties than do the PVOH /VAm 
blends. The stress-strain curves on these blends 
(Figs. 8 and 9)  demonstrate the improved properties 
of PVAm or PVOH/VAm addition to  EAA. The  
comparison of PVOH with PVOH/VAm in Figure 
9 clearly demonstrates the improved mechanical 
compatibility via introduction of ionically interact- 
ing units. 

TPC) 

Figure 6 
(9 wt % AA) copolymer blends with PVAm (PVAm-2). 

Dynamic mechanical property data for EAA 

The addition of PVAm and PVOH/VAm to the 
EAA copolymers led to miscibility a t  lower levels of 
addition, yielding mechanical compatibility. The 
phase intermixing would suggest changes in the 
crystallinity and crystallization kinetics for the 
polyethylene segments of the EAA copolymers. Cal- 
orimetry results were obtained on the compression- 
molded specimens, with results listed in Table 111. 
A significant melting point depression, decreasing 
peak temperature of crystallization ( T,) , and heat 
of crystallization/ heat of fusion results. In several 
cases, the first heating gave bimodal melting curves 
which were not reproduced in the second heating 
cycle. The decreasing melting point, level of crys- 

EAA-1430 

- 90110 EAA-1430lPVOH-VAm 

. . . . . . . . . . . . 80120 EAA-143OIPVOH-VArn 
IOrnole%VAm In PVOH-VAm 

tan 6 

L A 

0 01 
-150 -IW -50 0 50 100 150 200 

TPC) 

Figure 7 Mechanical loss data  for EAA (9 wt % AA) 
blends with VOH/VAm copolymers (PVOH/VAm: 10 mol 
% VAm). 
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tallinity, and slower crystallization rate are attrib- 
uted to the structure existing in the melt which pre- 
vents polyethylene chains from freely accessing the 
growing crystalline structure. This is similar to  per- 
oxide or radiation crosslinking polyethylene in the 
melt. 

The blends comprising EAA (9% AA) and PVAm 
or PVOH/VAm were utilized for water-sorption and 
extraction determination. The samples were pred- 
ried and then immersed in distilled water until equi- 
librium was reached and then dried to a constant 
weight. The water sorption (based on final dry 
weight) and extractables (based on initial dry 
weight) were determined as noted in Table IV. A 
sample of PVOH (Airvol205) was included for com- 
parison. I t  is interesting to note that up to  20 wt % 
PVAm or PVOH/VAm in blends with EAA (9% AA) 
virtually no extraction is observed, thus agreeing 
with the dynamic mechanical data as well as the 
calorimetry data. The PVOH comparison with 
PVOH/VAm shows a significant difference. Al- 
though PVOH as a minor constituent is trapped as  
a discontinuous phase, the extractable level is sig- 
nificantly higher than for PVOH/VAm. The dy- 
namic mechanical properties of a water-immersed 
sample of EAA (9% AA)/PVAm (80/20 by wt) are 
illustrated in Figure 10 compared with the dry sam- 
ple data. The Tg of the ionic-rich phase loses reso- 
lution, possibly due to varying degrees of hydration 
and/or clustering of the ionic domains. The much 

STRAIN (%) 

Figure 8 
% AA) blends with PVAm (PVAm-2). 

Stress-strain data  for EAA copolymer (9 wt 

lower modulus of the water-immersed sample in the 
temperature range of -25 to 75°C reflects the plas- 
ticization of the ionic domains by water. 

It is apparent from the macroscale data that the 
major changes in properties occur a t  addition levels 
less than 10 wt 9% PVAm to EAA (9% AA). If every 
AA group were accessible to  every VAm group, then 
full neutralization will occur a t  5 wt % PVAm ad- 
dition to EAA (9% AA). This is well illustrated in 
Figure 11, where the heat of fusion, the heat of crys- 
tallization, melting point, crystallization tempera- 
ture, and tensile modulus are compared as a function 
of PVAm content in the blend. These data all in- 
dicate that the neutralization of the AA units occurs 
in the range of 5-10 wt % PVA. The level of acces- 

Table I1 Mechanical Property Data EAA (9% AA)/PVAm and EAA (9% AA)/PVOH/VAm Blends 

Tensile Modulus Tensile Strength 
(psi) (psi) % Elongation 

EAA (9% AA)/PVAm 
100/0 16,740 3685 507 
98.75/1.25 20,230 3910 273 
97.5/2.5 40,670 3335 101 
95/5 52,400 3990 121 
90/10 64,260 5265 58 
80/20 78,340 5340 224 
60/40 88,575 5420 236 
40/60 77,970 5500 207 
0/100 125,800 5050 83 

90/10 (5 mol % VAm) 29,680 3030 124 
80/20 (5 mol % VAm) 57,150 3720 107 
90/10 (10 mol % VAm) 42,800 3600 233 
80/20 (10 mol % VAm) 64,170 3430 73 

EAA (9% AA)/PVOH/VAm 

EAA (9% AA)/PVOH 
80/20 (Airvol 205) 24,590 1790 148 

Properties were measured dry. Tensile strength was measured as maximum stress on stress-strain curve. 
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EAA-I430/PVOH/VAm BLENDS 

*lo% PVOH/VAm(lO%VArn) 

STRAIN (%I 
Figure 9 
copolymers. (PVOH/VAm: 5 mol % and 10 mol % VAm). 

Stress-strain data  for EAA copolymers (9 wt % AA) blends with PVOH/VAm 

sibility of VAm to the AA units thus appears to be 
quite good. Significant phase separation (separate 
PVAm phase) occurs at  > 20 wt % PVAm. This 
would indicate that PVAm chains are only partially 
neutralized prior to phase separation. In essence, 
addition of PVAm above the stoichiometric VAm/ 
AA level yields lower levels of VAm neutralization 
until phase separation of PVAm occurs. As the AA 
units are essentially neutralized, further changes in 
the properties are modest. Although not within the 
scope of this investigation, this could be resolved by 
spectroscopic investigations. 

The dynamic mechanical and calorimetric results 
show that PVAm and PVOH/VAm copolymers are 

EAA-1430IPVAm 80120 

dry ~ 

w e t  - - - 

E' 
TENSILE 

MODULUS 
dynes 
7 

1 I I I I I I I 
- 1 %  -KQ -50 0 50 100 150 200 

TPC) 

Figure 10 Dynamic mechanical properties of a n  EAA 
copolymer (9 wt % AA) blend with PVAm (PVAm-2) (80/ 
20 by wt) (dry vs. equilibrated in water). 

able to ionically associate with AA units in EAA 
copolymers. The maximum level of association 
qualitatively appears to occur at  equimolar levels of 
AA and VAm. A t  higher levels of VAm, phase sep- 
aration of PVAm occurs, yielding a blend comprising 
a phase of crystalline polyethylene, amorphous EAA 
domains neutralized with PVAm, and PVAm-rich 
phases presumably containing limited concentra- 
tions of the EAA copolymer. It is interesting to note 
that PVAm as well as VOH/VAm copolymers are 
able to ionically bond with AA units in a copolymer 
primarily composed of ethylene units. The ther- 
modynamically favorable ionic interaction overrides 
the unfavorable nonpolar, hydrophobic predomi- 
nance of ethylene units in the EAA copolymer. 

The key to the analysis of the phase behavior of 
the subject blends resides in the emergence of the @ 
transition. The @ transition of branched polyethylene 
generally appears as a shoulder in the tan 6 data. This 
is also observed in ethylene copolymers at lower levels 
of comonomer content [compare EAA (6.5% AA) vs. 
EAA (9% AA)]. Specifically, a shoulder exists for the 
lower AA copolymer EAA (6.5% AA), but, disappears 
for EAA (9% AA). With the addition of PVAm, the 
p transition strongly reappears as a distinct transition. 
This implies that domain formation is occurring with 
neutralization of the AA units, namely, ethylene-rich 
domains in the amorphous state and ionic domains 
rich in AA-VAm ionic complexes similar to that ob- 
served with alkali/alkaline metal neutralization of 
(meth)acrylic acid containing copolymers. 

The decrease in melting point, heat of fusion, heat 
of crystallization, and decrease in the temperature 
of maximum crystallization rate (T,) of polyethylene 
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Table I11 Calorimetry Results on EAA (9% AA)/PVAm Blends 

First Scan Second Scan 
First Scan (Heating) (Cooling) (Heating) 

T m  AH/  T m  A H ,  T m  A H /  
Wt. Ratio ("C) (J/g) ("C) (J/d ("C) (J/E) 

EAA (9% AA)/PVAm 

100/0 

95/5 
90/10 
80/20 
60/40 

97.5/2.5 
95.8 63.4 75.2 78.5 95.6 72.1 
91.1 54.6 68.6 61.4 92.5 65.5 
73.5, 90.5 44.5 52.4 38.1 89.5 31.5 
79.5 33.3 45.7 20.2 89.4 17.4 
49.5, 87.0 37.2 47.8 12.8 85.9 19.8 
81.6 39.5 47.6 12.8 85.3 15.3 

Samples were measured dry. The first scan started a t  -20°C with a heating rate of 10"C/min up to 150°C. At 150°C. the temperature 
direction was reversed with a cooling rate of 10"C/min down to -20°C. The sample was then heated again a t  10"C/min to 150°C. 

with increasing PVAm content is the resultant effect 
of ionic association in the melt which restricts the 
diffusion of ethylene-rich units to the growing crys- 
talline structure. At PVAm contents above the stoi- 
chiometric ratio of VAm/AA, the effect on the crys- 
tallization characteristics is virtually eliminated due 
to  the development of PVAm phase structures. 

The amount of amide formation remains unre- 
solved at this stage of the investigation. However, 
it appears from the modulus-temperature data that 
amide formation is occurring with temperature ex- 
posure above 150°C. Spectroscopic measurements 
that could resolve this issue also, however, were not 
within the scope of this investigation. 

CONCLUSIONS 

The addition of PVAm to EAA copolymers (6.5-9.0 
wt 96 AA) leads to  major property changes a t  low 

Table IV Water Sorption and Extraction Data 

levels of addition up to  the stoichiometric ratio of 
VAm/AA. These property changes include increased 
modulus and tensile strength, decreased elongation, 
and improved transparency, very similar to  that 
noted for alkali/alkaline metal neutralization of 
similar copolymers. Additionally, major changes in 
the degree of crystallinity, the melting point, and 
the crystallization temperature also occur. Above the 
stoichiometric ratio of VAm/AA, the property 
changes are much lower with continued PVAm ad- 
dition. Phase separation yielding PVAm regions oc- 
curs above a VAm/AA molar ratio of 3-4. The mod- 
ulus-plateau above the Tg indicates ionic crosslink- 
ing. Increasing the temperature above 150°C during 
dynamic mechanical testing shows an additional 
modulus increase, presumably due to covalent 
(amide) bond formation. The /3 transition typical 
for branched polyethylene prominently appears 
(-20°C) with PVAm addition to the EAA copoly- 
mers, showing evidence of microphase separation 

Sample Description % Water Sorption % Extractables 

60/40 PVAm/EAA (9% AA) 
40/60 PVAm/EAA (9% AA) 
20/80 PVAm/EAA (9% AA) 
10/90 PVAm/EAA (9% AA) 
5/95 PVAm/EAA (9% AA) 
2.5/97.5 PVAm/EAA (9% AA) 
20/80 PVOH/VAm (10% VAm)/EAA (9% AA) 
20/80 PVOH/VAm (5% VAm)/EAA (9% AA) 
20/80 PVOH/EAA (9% AA) 
EAA (9% AA) 

365.6 
88.4 
25.1 

2.78 
1.48 
0.904 
2.43 
2.22 
2.41 
0.184 

22.6 

< 0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 

< 0.1 

1.44 

0.86 

Measured on compression-molded samples after storage in a desiccator. 5% water sorption measured after equilibrium was reached 
in water immersion. '% extractables determined after drying to constant weight. 
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Figure 11 Comparison of heat of fusion, heat of crystallization, melting point, crystal- 
lization temperature, and tensile modulus of EAA copolymer (9 wt % AA) as a function of 
PVAm (PVAm-2) addition. 

into ionic-rich domains and nonionic (polyethylene) 
domains. This is also characteristic of alkali/alka- 
line metal neutralization of similar ethylene copol- 
ymers. 

It is interesting to note that the highly polar 
PVAm can interact a t  the molecular scale with the 
polyethylene containing low amounts of AA units. 
The thermodynamic driving force for ionic associ- 
ation overrides the highly unfavorable compositional 
differences. 
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